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Surface distress degrades not only structural but also functional performance of a pavement. In today’s socio-economic situations, as
pavement infrastructures have aged, road agencies are obliged to monitor their pavements to locate unacceptable and severe surface dis-
tress for the welfare of road users. The objective of this study is to develop a method by use of an accelerometer-based mobile proﬁlome-
ter (MPM) for identifying the location and severity of pavement distress especially in urban areas. For the purpose of this study, we
introduce the lifting wavelet transform (LWT) that enables us to develop customized lifting wavelet ﬁlters to detect desirable waveform
characteristics in roughness proﬁle data. This study proposes and demonstrates the application of lifting wavelet ﬁlters to detect the
transverse cracks in an urban road pavement as a case study. According to the result, the proposed method automatically emphasizes
the locations of particular cracks related to the pavement ride quality, which is sometimes diﬃcult or impossible to discriminate the spec-
tral characteristics by visual inspections. The ﬁndings of this paper prove that the LWT can be a powerful tool for surface monitoring
activities.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Pavement distress; Mobile proﬁlometer; Lifting wavelet transform; Accelerometers1. Introduction
Surface distress degrades not only structural but also
functional performance of a pavement. Distressed pave-
ments seriously reduce ride quality and safety of road users
and also raise vehicle operating costs. In today’s socio-
economic situations, as pavement infrastructures have
aged, road administrators are obliged to monitor their
pavements to locate unacceptable and severe surface dis-
tress for the welfare of road users. In particular, ahttp://dx.doi.org/10.1016/j.ijprt.2016.08.007
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Peer review under responsibility of Chinese Society of Pavement
Engineering.technique for detecting localized irregularities is highly
required for daily pavement monitoring.
A distress survey commonly uses visual-based methods.
Conventional techniques subjectively survey the distress by
visual inspections, which can be implemented simply and
inexpensively, but are not objective and require too much
time. More current approaches objectively record the dis-
tress by use of automated detection equipment based on
video/photographic images, which are generally more
expensive to carry out than the subjective method. Thus,
these approaches are limited to once in three years by
expressway authorities in Japan due to the initial and run-
ning costs of the devices. When it comes to local govern-
ments, the frequency is still lower. Most of the local
governments are frequently monitoring and determining
the roughness condition of their pavements through visual
inspections. Consequently, many road authorities requirehosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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install, and simple to operate. The MPM has been devel-
oped in light of this background.
The distinction of the MPM from conventional inertial
proﬁlers is that the MPM consists of two small accelerom-
eters set up to a vehicle suspension system, while conven-
tional high-speed proﬁling instrumentation uses laser
sensors. Nevertheless, the MPM can directly measure sur-
face proﬁles unlike the conventional response-type rough-
ness proﬁlers (RTRRMSs). Thus, it is available for
measurement on the water- or snow-covered surfaces. As
a result, the MPM achieves the cost-eﬀective and easy-to-
implement measurement of surface properties.
The objective of this study is to develop a method by use
of an accelerometer-based mobile proﬁlometer (MPM) for
identifying the location and severity of pavement distress in
urban areas. Since modern technologies improve road sur-
face condition survey with better sensors, many response-
type proﬁlers to estimate the International Roughness Index
(IRI) as the standard scale of predicting roughness condi-
tions have been introduced [1,2]. As response-type proﬁlers
are intended to measure the IRI, the question arises as to
how the users of the proﬁlers could identify the location
and type of surface distress in measured proﬁle data.
Although the MPM uses accelerometers, unlike conven-
tional response- type road roughness measuring systems
(RTRRMSs), it can measure the surface proﬁle. This func-
tion helps to extract the information about distress charac-
teristics of the proﬁles.
In the purpose of this study we introduce the lifting
wavelet transform (LWT) to extract the information of
interest in the roughness proﬁle data. A concept of LWT
concentrates on the improvement of existing wavelet trans-
form by adding controllable free parameters to an original
basic function called mother wavelet [3]. This technique
enables us to develop customized lifting wavelet ﬁlters
extracting desirable waveform characteristics. In this study
we design the lifting wavelet ﬁlters to detect the speciﬁc sur-
face distress such as transverse cracks. This study also
demonstrates an application of the proposed method to
surface monitoring of an urban road pavement.
2. Measurement principle of the mobile profilometer (MPM)
2.1. Overview of the MPM
The MPM consists of two small accelerometers, which
can be simply attached to a suspension system for any pas-
senger and commercial vehicles. The principle of this pro-
ﬁlometer is faithful to the standard quarter-car (QC)
model used for the IRI calculation. Fig. 1 shows the mea-
surement principle of the MPM. As shown in the ﬁgure,
a surface proﬁle can be measured by back calculation anal-
yses after the pre-processing that removes the noise, direct
current excitation, and velocity dependence factors of vehi-
cle vibrations. Then, the standard QC model is applied to
the measured proﬁle data to calculate the IRI. Prior tothe measurement, the vehicle parameters such as suspen-
sion spring and damper ratio, and tire spring ratio can be
estimated based on the frequency response of a vehicle.
The estimation procedure is bundled in the software of
the MPM and thus proﬁler users easily calibrate their vehi-
cles simulating the golden QC to calculate IRI. Fig. 2
shows the proﬁler classiﬁcation and the target of the
MPM. The measurement algorithm of the MPM combines
the accuracy of Class 2 measures and the convenience of
Class 3 measures [2].
2.2. The QC model
The QC model is a mathematical model of a vehicle that
represents a body and a single wheel as shown in Fig. 3 [4].
The QC model predicts the spatial derivative of suspension
stroke in response to a proﬁle using standard settings called
Golden Car Parameters for speed and the vehicle proper-
ties. The IRI can be calculated by use of the QC model
applied to a measured longitudinal surface proﬁle.
2.3. Calculation of roughness profile
The mathematical procedure in calculating IRI can be
described as a ﬁltering algorithm using QC ﬁlter whose
response is shown in Fig. 4. The QC ﬁlter weighs the wave-
lengths of a slope proﬁle between 0.1 and 100 m to gain the
roughness characteristics. The ﬁltered proﬁle is generally
called roughness proﬁle. The IRI is an accumulation of
absolute values of a roughness proﬁle normalized by a cer-
tain driving distance. Thus, a roughness proﬁle clearly
reﬂects the functional perspectives of surface characteristics
such as ride quality and driving safety. The automatic dis-
tress detection executed by using a roughness proﬁle con-
tributes to the planning of maintenance and
rehabilitation projects for improving the serviceability to
road users. This study discusses a potential application of
the MPM to detect the surface distress in the roughness
proﬁle measurements of an urban road pavement.
3. Lifting scheme theory for pavement surface monitoring
Convolution- and Fourier-based ﬁlters that are gener-
ally used for proﬁle analyses may detect wanted/unwanted
geometrical characteristics included in a roughness proﬁle.
However, these ﬁlters are non-directional ﬁlters that con-
sider positive (e.g., bumps) and negative (e.g., cracks)
waveforms in a target wavelength as the same sinusoids
and thus cannot distinguish between upward and down-
ward surface faults. Unlike the conventional ﬁltering tech-
niques, the wavelet transform (WT) operates as directional
ﬁlters that treat downward waveforms diﬀerently from
upward ones. The WT has found various applications in
engineering ﬁelds including surface proﬁle analyses [5,6].
A major remaining problem in the use of the WT has been
the selection of a basic function suitable for proﬁle analy-
ses. Since second generation wavelets based on the lifting
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solved.3.1. Overview of wavelet transform (WT)
In a general WT, a roughness proﬁle is analyzed at dif-
ferent frequency bands with diﬀerent resolution by decom-
posing the proﬁle into components consisting of a coarse
approximation (low-frequency component) supplemented
by detailed information (high-frequency component). TheFig. 3. Quarter-carapproximation can be then further decomposed to provide
more detailed information. This means that the WT, espe-
cially for discrete transform, can perform multiresolution
analysis using a fast pyramid algorithm [9]. Fig. 5 shows
an example of the multiresolution analysis.3.2. Lifting scheme
A wide selection of basic function forms of the WT is
available for diﬀerent applications based on the character-
istics of the signal concerned. However, the selection of a(QC) model [4].
Fig. 5. An example of the multiresolution analysis.
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ation wavelets based on the lifting scheme, on the other
hand, enhance the WT by making lifting wavelet ﬁlters
[8]. A lifting wavelet ﬁlter set contains controllable free
parameters constructed from initial biorthogonal wavelet
ﬁlter set. Free parameters can be learned from training sig-
nals that include waveform characteristics of a target dis-
tress for the detection. The following section describes
the mathematical descriptions of the lifting scheme theory
[3,7,8].
3.3. Theory of wavelet transforms
Let c1l denote a roughness proﬁle with distance parame-
ter l. Using multiresolution analysis in the WT, a rough-
ness proﬁle can be decomposed into low-frequency and
high-frequency components as follows:
c^0m ¼
X
l
~kl2mc1l ; ð1Þ
d^0m ¼
X
l
~ll2mc1l ; ð2Þ
where ~km and ~lm are called decomposition ﬁlters.
Conversely, the original roughness proﬁle c1l can be recon-structed from low-frequency and high-frequency compo-
nents c^0m and d^
0
m by the formula:
c1l ¼
X
m
kl2mc^0m þ
X
m
ll2md^
0
m; ð3Þ
where km and lm are called reconstruction ﬁlters. The the-
ory of a wavelet transform provides perfect reconstruction
ﬁlter banks. Thus, an original proﬁle signal denoted as c1l
can be reconstructed by the linear combination of signals
c^0m and d^
0
m decomposed with Eqs. (1) and (2) using recon-
struction ﬁlters km and lm. For later convenience, the
decomposition and reconstruction ﬁlters are denoted as
holdk;l ¼ kk2l; goldm;l ¼ ll2m;
~holdk;l ¼ ~kk2l; ~goldm;l ¼ ~ll2m:
ð4Þ
The tuple of these ﬁlters holdk;l ; ~h
old
k;l ; g
old
m;l ; ~g
old
m;l
n o
satisﬁes
the following biorthogonal conditions:X
l
holdk;l ~h
old
k0 ;l ¼ dkk0 ;
X
l
goldm;l ~h
old
k;l ¼ 0;X
l
holdk;l ~g
old
m;l ¼ 0;
X
l
goldm;l ~g
old
m0 ;l ¼ dmm0 :
ð5Þ
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the frequency resolution parameter and k and m give the
parameters of location for low- and high-frequency
components.
3.4. Construction of lifting wavelet filters
Let holdk;l ; ~h
old
k;l ; g
old
m;l ; ~g
old
m;l
n o
denote a set of initial biorthog-
onal wavelet ﬁlters. A new set of biorthogonal wavelet ﬁl-
ters hk;l; ~hk;l; gm;l; ~gm;l
 
is deﬁned as follows:
hk;l ¼ holdk;l þ
X
m
~sk;m goldm;l ;
~hk;l ¼ ~holdk;l ;
gm;l ¼ goldm;l ;
~gm;l ¼ ~goldm;l 
X
k
~sk;m ~holdk;l ;
ð6Þ
where ~sk;m denote free parameters, ~hk;l and ~gm;l indicate low-
and high-pass decomposition ﬁlters, and hk;l and gm;l indi-
cate low- and high-pass reconstruction ﬁlters. This algo-
rithm can create a new ﬁlter set suitable for the
automatic distress detection by adjusting free parameters.
The biorthogonal conditions of a new ﬁlter set are as
follows:X
l
hk;l ~hk0 ;l ¼ dkk0 ;
X
l
gm;l ~hk;l ¼ 0;X
l
hk;l ~gm;l ¼ 0;
X
l
gm;l ~gm0 ;l ¼ dmm0 :
ð7Þ3.5. Learning of free parameters
As shown in Eq. (6), high-pass ﬁlters rather than low-
pass ﬁlters are lifted in the decomposition process. Where
an input roughness proﬁle is again denoted as c1l , new
high-frequency components by applying the new high-
pass decomposition ﬁlters can be written as
d0m ¼
X
l
~gm;l c1l : ð8Þ
This can be substituted based on Eq. (6) as follows:
d0m ¼
X
l
~goldm;l 
X
k
~sk;m ~holdk;l
 !
c1l
¼ rm 
X
k
ak~sk;m;
ð9Þ
where rm and ak indicate the high- and the low-frequency
components resulted from the decomposition using the
old ﬁlters, that is,
rm ¼
X
l
~goldm;l c
1
l ; ak ¼
X
l
~holdk;l c
1
l : ð10Þ
In a wavelet analysis, the high-frequency components
include the details such as discontinuity and singularity
of a proﬁle. Thus, the basic characteristics (low-frequencycomponents) of a proﬁle can be calculated by vanishing
the high-frequency component from the original signal.
Free parameters ~sk;m physically adjust the high-pass ﬁlter
coeﬃcients for creating lifted wavelet ﬁlters so as to vanish
the high-frequency component d0m in Eq. (9) that includes
speciﬁc characteristics such as surface distresses. In other
words, surface distress in the roughness proﬁle can be
detected by putting
d0m ¼ rm 
X
k
ak~sk;m ¼ 0: ð11Þ
To learn the free parameters ~sk;m; the algorithm requires
2n training signals c1;ml ðm ¼ 1; 2; . . . ; 2nÞ that include desired
proﬁle features. The training signals deﬁne the type and
severity of the surface distress that should be detected.
Then, the following condition is imposed:
Xmþn
k¼mn
amk~sk;m  rm ¼ 0; m ¼ 1; 2; . . . 2n; ð12Þ
where
rmm ¼
X
l
~goldm;l c
1;m
l ; a
m
m ¼
X
l
~holdk;l c
1;m
l : ð13Þ
Although the number of equations in Eq. (12) is 2n,
unknown variables ~sk;m are 2nþ 1. However, the following
equation is consequentially identiﬁed because the summa-
tion of the high-pass ﬁlters ~gm;l must be zero, that is,
X
l
~gm;l ¼
X
l
~goldm;l 
Xmþn
k¼mn
~sk;m ~holdk;l
 !
¼ 0: ð14Þ
Since ~goldm;l satisfy
P
l~g
old
m;l ¼ 0, this condition is equivalent toXmþn
k¼mn
~sk;m ¼ 0: ð15Þ
Summarizing Eqs. (12) and (15) in the matrix form
results in the following equation:
a1mn a
1
mnþ1  a1mþn
a2mn a
2
mnþ1  a2mþn
   
   
a2nmn a
2n
mnþ1  a2nmþn
1 1  1
2
666666664
3
777777775
~smn;m
~smnþ1;m


~smþn1;m
~smþn;m
2
666666664
3
777777775
¼
r1m
r2m


r2nm
0
2
666666664
3
777777775
: ð16Þ
This equation can be solved by the Gaussian elimina-
tion. Substituting the solutions ~sk;m into Eq. (6), lifting
wavelet ﬁlters can be produced.
3.6. The distress detection method
Once lifting wavelet ﬁlters are constructed, the locations
of surface distress in the roughness proﬁle that is similar to
the training signals can be automatically detected. The high-
frequency components d^0m and d
0
m are calculated by the old
and lifted high-pass wavelet ﬁlters ~goldm;l and ~gm;l from c
1
l by
Fig. 6. Roughness proﬁle.
Table 1
A set of initial wavelet ﬁlters.
k;m holdk;l ~h
old
k;l g
old
m;l ~g
old
m;l
0 0.7071 0.9944 0.9944 0.7071
1, 1 0.3536 0.4198 0.4198 0.3536
2, 2 – 0.1768 0.1768 –
3, 3 – 0.0663 0.0663 –
4, 4 – 0.0331 0.0331 –
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eters ~sk;m of the lifting wavelet ﬁlters ~gm;l are optimized to
vanish d0m at the locations of target distresses. A possible
strategy is to ﬁnd the location m that makes d0m ¼ 0. Unfor-
tunately, this strategy may detect the location m other than
the target points that their high-frequency components are
almost zero for both d^0m and d
0
m. To avoid these kinds of
false detections, a method that searches c1l to ﬁnd the loca-
tion m so as to maximize the quantity
Im ¼ d^0m
  d0m ; ð17Þ
was suggested [8]. When the value Im > 0 is larger than a
certain threshold value, the location m is regarded as the
learned surface distress; and thus, can become a detection
index. The concept of Im is the same as the correlation coef-
ﬁcient of regression analysis. Thus, it indicates the degree
of similarity to the target surface distress that should be
treated with a functional point of view.
4. Application of lifting wavelet for surface monitoring of an
urban road pavement
In this study, performance of lifting scheme for pave-
ment surface monitoring using the MPM is examined for
detecting transverse cracks. Transverse cracking is
occurred due to low temperature of asphalt pavement. It
therefore is treated as an extremely important distress espe-
cially in cold regions. This chapter demonstrates an appli-
cation of the LWT to surface monitoring of an urban road
pavement.
4.1. Surface monitoring data
The validation experiment was performed in an urban
area of Hokkaido, Japan in March 2013. The surface pro-
ﬁles were measured by use of the MPM equipped for a
SUV (Sport Utility Vehicle) that was assumed to be a road
patrol car driving with a speed limit of 50 km/h. Then, the
QC simulation computed a roughness proﬁle for the mea-
sured proﬁle data. The experimental section was 150 m
long, and the measured proﬁles were sampled at an interval
of 100 mm for the present study. The roughness proﬁle
data are shown in Fig. 6. The arrows in the ﬁgure indicate
training locations that are subsequently mentioned.
According to the manual distress survey using photo-
graphic images, the experimental section has a number of
localized surface distresses due to transverse cracking.
The distresses appeared irregularly and consisted of high
severity transverse cracks as shown in Fig. 6.
5. Construction of lifting wavelet filters
5.1. A set of initial wavelet filters
A wide selection of basic function forms of the WT is
available for diﬀerent applications based on the character-istics of the signal concerned. In this study, the biorthogo-
nal reconstruction and decomposition ﬁlters with 2 and 4
vanishing moments were selected as a set of initial wavelet
ﬁlters. This ﬁlter set consists of comparatively short digital
ﬁlters, and is associated with the basic function that has a
sharp peak. Although lifting wavelet ﬁlters can be con-
structed from arbitrary ﬁlter sets, the features of the initial
wavelet ﬁlters are advantageous to deal with surface dis-
tress data. Table 1 describes the set of initial wavelet ﬁlters
holdk;l ; ~h
old
k;l ; g
old
m;l ; ~g
old
m;l
n o
.5.2. Training signals
A time–frequency analysis based on continuous wavelet
transform (CWT) was performed to diagnose the charac-
teristics of the roughness proﬁle. CWT of a signal f ðtÞ at
arbitrary time u and scale s is deﬁned as the following equa-
tion [9]:
Wf ðu; sÞ ¼
Z 1
1
f ðtÞ 1ﬃﬃ
s
p w t  u
s
 
dt: ð18Þ
Here,  indicates complex conjugate. This study uses the
biorthogonal wavelet shown in Table 1 for the mother
wavelet wðtÞ. Fig. 7 shows the CWT result of the roughness
proﬁle. The ﬁgure also indicates wavelength ranges corre-
sponding to the natural frequencies of sprung and
unsprung mass of a vehicle at normal driving speeds of
40–60 km/h on urban areas. In the ﬁgure, wavelet coeﬃ-
cients displayed as absolute values correlate with magni-
tude spectra of the roughness proﬁle.
As shown in Fig. 7, although each crack in the distance
of 10–70 m appears to be of similar waveform in the spatial
dimension shown in Fig. 6, the spectral characteristics of
which transverse cracks predominate in the wavelength
ranges related to unsprung mass are quite diﬀerent. In par-
ticular, the cracks at distances of 10, 25, 100, and 130 m
Fig. 7. Continuous wavelet transform (CWT) of the roughness proﬁle.
Table 2
Free parameters.
k ~sk;m
m  2 0.4261
m  1 0.7487
m 0.1172
m + 1 0.0281
m + 2 0.1772
Table 3
Lifting wavelet ﬁlters.
k;m High-pass decomposition
ﬁlter ~gm;l
Low-pass reconstruction
ﬁlter hk;l
4 0.2639 0.2639
3 0.0989 0.0989
2 0.3047 0.3047
1 0.6287 0.6287
0 0.5287 0.5287
1 0.0725 0.0725
2 0.0304 0.0304
3 0.0117 0.0117
4 0.0059 0.0059
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mass as well as unsprung mass. This study employed these
four cracks that are shown by arrows in Fig. 6, because this
type of crack aﬀects pavement ride quality in terms of
sprung mass vibrations. Fig. 8 shows photographic images
of trained and untrained cracks. As shown in the ﬁgure, the
two cracks have no diﬀerent appearance and are hard to
discriminate through visual inspections.
Filter Design. As a pre-processing, a multiresolution
analysis based on the conventional WT examined the dom-
inant waveband of the target distress. According to the
analysis, the target cracks occur in the decomposition level(a) Trained Location  
Crack
Fig. 8. Example of photographic images of transverse c
Fig. 9. Training signals. (a) Low-pass com3 of which high-frequency components (pass band: 0.625–
1.25 m1) include the wavelength ranges corresponding to
the natural frequencies of vehicle sprung mass at normal
driving speeds. Thus, free parameters are learned from
Level 3 components of the multiresolution analysis using
the initial wavelet ﬁlters. As the c1;vl (v ¼ 1; 2; 3; 4) denote(b) Untrained Location
Crack
racks. (a) Trained location, (b) untrained location.
ponents, (b) high-pass components.
Fig. 10. Surface monitoring result.
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for the roughness proﬁle can be determined by using Eq.
(16) as shown in Table 2.
Using the free parameters shown in Table 2, lifting
wavelet ﬁlters hk;l; ~hk;l; gm;l; ~gm;l
 
have been created based
on Eq. (6). Table 3 summarizes lifted high-pass decompo-
sition and low-pass reconstruction ﬁlters, respectively.5.3. Monitoring result
After the calculation of d^0m and d
0
m, the quantiﬁed index
Im identiﬁes the location of target distresses. Here, Im can
be easily calculated by substituting Eq. (9) for Eq. (17) as
follows:
Im ¼ d^0m
  rm X
k
ak~sk;m

: ð19Þ
Fig. 10 shows the monitoring result using Eq. (19). In
the ﬁgure, the arrows designate the locations of the target
distresses and the Im values are normalized so that the max-
imum Im for the training location can be Im ¼ 1. The loca-
tions that are Im > 0 potentially correspond to the target
distress learned as the training signals.
As shown in Figs. 7 and 10, the proposed method auto-
matically emphasizes the locations at which the wavelet
coeﬃcients concentrate in both the sprung and unsprung
masses in Fig. 7, which is sometimes diﬃcult or impossible
to discriminate the spectral characteristics by visual inspec-
tions. On the other hand, cracks that are not related to the
ride quality are not detected. The detected locations should
be treated with respect to the pavement functional aspects
as well as structural and/or material properties. Note that
the threshold of Im should be decided with conducting fur-
ther research using the method presented in this paper so
that it corresponds to administrative strategies for pave-
ment management. The performance of lifting wavelet ﬁl-
ters depends on training signals. However, one of the
important ﬁndings is that the method presented in this
paper allows the proﬁle-based distress detection by con-
structing custom wavelet ﬁlters improved with accumulat-
ing surface distress data measured in the daily inspection.
Although a particular distress case was demonstrated, this
paper proves that the LWT can be a powerful tool for sur-face monitoring activities. More applications that distin-
guish bumps and dips can be seen elsewhere [10].
6. Conclusions
In recent years, road agencies initiate the development
of a quantitative, eﬃcient, and economical surface moni-
toring method for the daily inspection of their pavements.
This paper developed an eﬀective method by use of a
mobile proﬁlometer (MPM) for monitoring surface dis-
tresses in urban areas. For this purpose, we examined the
potential application of the MPM to automatic distress
detection based on the lifting wavelet transform (LWT).
The concept of LWT concentrates on the improvement of
existing wavelet transform (WT) by adding controllable
free parameters to the original basic function. Thus, this
technique enables us to develop customized lifting wavelet
ﬁlters for detecting the information of interest in the rough-
ness proﬁle data. This study proposed and demonstrated
the application of lifting wavelet ﬁlters to detect the trans-
verse cracks in an urban road pavement. According to the
results, the proposed method automatically emphasizes the
locations of particular cracks related to the pavement ride
quality, which is sometime diﬃcult or impossible to dis-
criminate the spectral characteristics by visual inspections.
Although this paper demonstrated a particular case of
transverse cracking, the performance of lifting wavelet ﬁl-
ters can be improved by accumulating surface proﬁle data
measured in the daily inspection. Thus, we conclude that
the LWT can be a powerful tool for surface monitoring
activities in urban areas.Acknowledgment
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